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I. Introduction

The work deacribed in this report was conducted during the prind

A ST T L e iy TR Gt et A

1 Januavy 1976 kuugh 30 Sept 1977 under the Office of Naval Research

—— LIRS PO -

Contract NOQO1l4« 76~C-0516|:’Th0 purpose of this {nvestipation {8 tuo

N

i study and develop nnasdestructive, simple, and vapid methods for measaring

S

TR

the structural and dvnamic properties of ferroelectric cevamics., We haye

P
Ples ek

g

proposedoptical modulation techniques, particularly electric field midnlared

transmisginn and reflectivity ahded have bean shawn to He poverful tols

g

for investigating the electrunic properties of solids., By madalating an

lf internal purameter such as electric field (electroreflectance and
electrotransmission) it is possible to obtain derivative=like enhance=-
ments of optical structures related to interband transitions. Tpe spectra

ovtained are shavper, more precise and have move structure than thase |

produced bv conventional optical techniques,
p .-
We present In Section TL characteriza-ion of transparent PLIT

o ou\(! e
ceramics by mndulated optical Spectroscopy Fwen Section TIT deserihes &N

=<

An important result of the present study (Section TT) is that it is

. ¥ e d
electroreflectance studv of opaque P27 ceramicsy o C« Ve 169

possible, using these techniques, to follow the groweh of the polarization
with time during poling aml {ts reversal during low field switching.
Oscillation observed in the electroreflectance spectra of PLIT are in-

terpreted in terms of space charge effects, armd the analvsis vields an

upper bound for the remanent polarization which is good agreement with
the result of a dielectric hysteresis measurement. The results of

opaque, insulating PAT ceramics (Sectfon TIT) constitute the first
observation of hysteresis in these materials by optical means and
demonstrate the potential value of this method in studies of the switching

and aging of ceramics,




as MEAONAS M o bt s a2 20 T - Ty TR TR T Yo n R aneesaa e - e

11. Characteriration of Transparent PLZT by Modulated Opticel

Spectroscopy

1. Introduction

Althoupgh modulation techniques have been widely used to studvy
the electronic band structure of solids, -3 their application to
ferroelectrics has been verv limited, and no studies of ferrp-
electric ceramics have been reported. The substantial recent inter-
est in the optical and electro-optical properties of transparent,
lanthanum-doped lead zirconate/lead titanate (PLZT) ceramics 4-7

has led us to consider the possibilityv that valuable information

concerning the electronic and optical properties of these materials

e O

o)

could be obtained using the techniques of electrotransmission (ET)

and electroreflectance (ER), in which an externallv applied electric

I s,

field is used to modulate the optical constants of the material, and

R

changes in the absorption (ET) or reflectivitv (ER) are measured.

2. Experimental

In this work we have used the techniques of Schottky barrier
ER (SBER) as well as electrolyte ER (ELER) to investipate the properties
of PLZT ceramic material. The experimental techniques of SBER and ELER

1-3

have been described in the literature. A block diagram of the ER

measurements is shown in Fig. 1.

Hot-pressed lanthanium doped lead zirconate~titanate ceramics,

PLZT with relatively high transparancy were obtained from Honevwell Tne. via

the Naval Research Laboratory. Much of this work was

done with reduced samples 10 x 10 mm , with thickness typically

0.24 mm . The transparent gold films of 70 ~ 100 A thick were

evaporated on one or both sample surfaccs. Th- reduction of the

N
FLZT platelets could be obtained by anncaling at 650°C {n a hvdrogen

stream for &4 hours.

PRI AT 5 ik A d vk £ S i % Mmoo ~..
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Electrical connections were made to the evaporated gold electroies
with small drop of high temperature conductive epoxy and 1 mil teflon

coated silver wire. The reduced samples had resistivity on the order of

3.3 ¢ 108 ohm-cm.Electric fields of up to IOA v/cm were used. Electri-
cally, the gold seemed to act as a blocking, non-ohmic contact, so

that the field was applied across only a small surface layer of PLAT.
The samples were mounted on copper blocks with a hole. The hole ani
quartz windows allowed the reflected (transmitted) light to pass into

a phototube. The copper blocks were held in a high temperature fur-

[ % nace in which the sample was kept in vacuum. For high temperature

region, most measurements were taken up to transition temperature

. (~ 230°C).

i
’D
E 3. Experimental results and discussions

a. Electrotransmission

ﬁ We have measured ET in lanthanum doped lead zirconate-titanate ceramics
% (P1ZT) from 300 to 500K in the wavelength range 1.2 ~ 3.6 eV
§ for the case of the poling direction of the ferroelectric ceramic

perpendicular to the electric field vector of the light. The ex-
perimental resulté for measurements under dc bias are shown {n
Figs. 2 and 3. We have observed remarkable changes when de
electric field was applied to samples of rhombohedral PIZT ceramics
of the composition 7/65/35. This material lies relatively close

to the morphotropic (rhombohedral-tetragonal) phasc boundarv. 1In

the course of these measurements, sign changes were observed in

the signal produced by electrically poled samples. 1In addition,

e e Ag o

ET lineshape changed during poling. After reversing the electric

.-_.-,,‘;
A
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field, we observed that the 7/65/35 ceramic sample was first
depoled with a change in sign of the ET signal ani then repoled

to saturation. Th2 dependence of these changes could describe
quantitatively the characteristics of domain wall motions in
rhombohedral ceramics. Experimental results for the time depend-
ence under applied dc bias are shown in Fig. 2. In this case

the effect on the bias is large and easy to observe. Whon

3.45 x 103 V/em field was applied on the electricallv poled sample,
the sign and amplitude of signal was changed, and after 60 minutes,
spectrum (2) was obtained without dc bias. Sudsequentlv the phas-
of the ac modulation was changed by reversing electrodes on the
sample, Bv reversing the dc electric field E =2.,15 x 10° v/cm,
the sample was depnled 2t the first stage (spectrum 4) ani the re-
poled. With E = 3.45 103 V/em, spectrum (5) wis obtain2d anid
after 8 minutes its signal was increasad about 20, (spectrum 6).
Th2 sudbsequent measurements with higher electric fields are shown
inFig. 3. The most significant features of the time dependoncoe
of th2 optical signal could be understond on the basis of domain

wall motions.

Since the magnitude of the electrotransmission spectrum appears

to be proportional to the spontancous polarization, we have measuared

electrotransmission up to the transition temperature and on thermally

depoled samples. For 7/65/35 composition, the electrotransmission
signal decreased with increasing temperature up to 230", However,
some residual signal could be observed near the transition, ani also
in the thermally depoled sample, even though the signal becomes mach

smaller when the sample i{s cyeled through the transition temperature.

L
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According to differential thermil analysis of 6/65/35 PLZT bv Keve

and By 7, the rhombohedral-cubic transition occurs at 182°C with

a relatively small hysteresis on cooling. Hence, the transition
temperature of our 7/65/35 sample was expected to be close to 180°C.
However, in our results shown in Fig. 4 the transition temperature
would appear to be over 23OOC. We have taken hystereses loop measure-
ments as a function of temperature which yvielded a nearlv identical
transition temperature. Since the physical properties of our samples
may depend on the source and preparation technique, our samples may

differ from those used by Keve ani Bye.

b. Electroreflectance

We have also obtainad ER spectra of 7/65/35 PLZT in the photon
enargy range 1.3 - 4.3 2V, at temperatures from 303 to 500X, ani
under various poling conditions. Fige. 5 shows the ER spectrum
at voom temperature of a thermally depoled sample, Essentially
the same spectrum was obtained above the Curie temperature, but
an increase in amplitude of about 607 was observed as the sample
cooled to room temperature. A sharp peak at 3.8 eV occurs at an
energy corresponding roughly to the lowest dirvct band gaps in
other perovskites 8, but it {s very sharp (full width at half
maximum of 160 meV) as  anv ER peak observed in a perovskite or
transition-metal oxide.

In studying the effects of poling on the ER spectra we have
concentrated on the large feature near 3.8 eV, In the following
discussion a dc bias or poling voltage will be termed posftion (f

the front surface of the sample, at which the ER is measoroed, i«




positive with respect to the back surface. When a positive dc
bias is applied to the sample, no change in the ER spectrum,
other than an approximately 507 increase in intensity, is noted
until 120V is reached. Then the sharp peak initially at 3.8 eV
shifts suddenly to shorter wavelength (4.0 eV), its width increased
substantially, anl a series of oacillations appears, extending
from 3.6 eV to at least 2.0 eV. (Fig. 6) Removing the dc bias
at this point causes n> change in the spectrum other than a slight
shift in the positions of the oscillations. If the dc bias is in-
creased further to 200V, one obtains the spectrum in Figure 7,
where the peak, now located at 4.1 eV, has bhroadened still more and
the oscillations have shifted slightlv. Removing the de bhias now
results in a spectrum essentially the same as that obtained by ro-
moving the field after poling to 120v. If a nzgative dc bias is
now applied, n> major changes are seen until a Hias »f -83V i
reached. At this voltage the oscillations disappear abruptly ani
a broad backgrounl emerges, beginning near 2.95 eV and extenling
beyoni 1.57 eV (see Figi6 ).

As a first step toward unierstanding the poling effects,
we have performed a quantitativ  naiysis of the
oscillations observed for positive d¢ bias. Our working hvpothesis
is that these oscillations are interference fringes produced hy
the superposition of light reflected from the front sarface of the
sample with the reflection from the back of the spice-charge laver.
Since our sample has been made semiconducting by reduction and is

covered by an esvaporated gold film, there exists at the surface a

space-charge layer of thickpess d given (in the Timit of tull
8

depletion) by

T
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d = 2me N’

where € is the static dielectric constant, V is the voltage drop
across the space~charge layer, e is the electronic charge, anid N
is the free-carrier concentration in the bulk. Th> voltage

vV=y 4V is the sum of the externally applied voltage Ve

ext int xt

and the internal voltage Vi produced bv tha difference in work

nt

function between the metal and th» ferroelectric (surface barrier)

and by the remanent polarization of the ferroelectric. Since the

carrier concentration in the space-charge laver differs from that

in thz bulk, the laver also has a refractive index different from
that of the bulk, and light can be reflected from the boundary of
the layer., If we make the crud: approximation »f representing the
space-charge layer by a slab of dielectric of thickness d in which
th2 real part of the refractive index n, differs from that in the

bulk, then interference fringes (reflection maxima) ocenr at wave-

lengths 2 given by

2n.d = n,
v

where n is any positive integer. If this interpretation is correct,

the maxima {n the spectrum should he equilly spaced in energy (in-

i Ty g 2 R e s O ALY e % = v

verse wivelength) with a separation (2nrd)-1. Exactly this behavior

{s foundi in all of our spectra which exhibit oscillations, Fig. K

shows the posftions (in energv) of the maxima in the spectrum 8 o

- ..
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sample whiclh was poled at 4120V and measured at zero bSias plotted as
a function of the fringe number n, with n arbitrarily set equal to
one for the lowzst-energv maximum observed. Assuming a refractive
index of n, oo 1.5, the fringe spacing gives 4 ~ lum, which is not
untypical of a semiconductor

More d2tailed information can %2 obtained by measuring the
fringe spacing as a function >f the applied voltage Vext' Equation

(1) can b2 re-written as

2 2
d”=d = 4 AV (3)

where A = ¢/(2-¢N) ani 102 = Avint is the space-charge laver thick-
ness for zero applied voltage. Fitting the maxima in the spectra
of Figs. 6 ani 7 gives values for d of 1.15 um with Vv ecqual
to 4120V and 4200V, respectively, Using equation (3) to find 1J2
and A, we obtain Vinte = 33V. Assuming a static Jielectric constan®
of approximately 1500 for 7/65/35 PLIT at roum temperature gives A

carrier concentration N ~ 2 x 1019/cm3. Finally, {f Vige 1§ assuncd

to arise entirely from the remanent polarizatioan rr of the ceoramic,
w2 obtain Pr ~ 45 ur/cmz. Taking into account the surface barrfer
between the metal and ferroelectric (which has noat yot bron measured)
will reduce our value of Pr and probhably bring it into atill heteer

2
agreement with the value Pr > 31 ue/em® from hvsteresis

lovp measurements on this sample, It is {mpartant (o noyte that
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this technique not only provides a rapid and accurate measurement of
Pr, but does so without reversing the polarization and so altering
the domain structure during the measurement as is the case with
hysteresis loop measurements. We hope to exploit this fact to gather

more detailed information about domain structure ani the process

of domain switching than can bes obdtained from convential techniques.
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Flgure Captions

Pigure 1. Rluck diagram of experimental arrangement used for

elvectrotransmigsion and c¢lectroreflectance measuremonts,

i Pigure 2, Elcctrotransmission spectra of 7/65/35 PL2ZT which show
: change {n electrotransmission lins shape during poling
i
} ! an! reverse polarity at T = 390K.
i (1) E = 3.45 x 103 Vv/em
& (2) game as (1) but after 60 min. The same spectrum is
: obtained at zero hias,
b (3) samv as (2) but with sample leads reversed anl zuero
: bias
. (4) E = 2.0 x 102 v/dem
s | (5) E = 3.45 x 103 v/em
' (6) sam> as (5) but after 8 min, later.
. Figure 3. Elvctrotransmission sapectra of 7/65/35 PLZT unier higher
dc biasy showing time depondenze ani phase change daring
LY
4 y
v poling and reverse porlarite at T = 320K
: (1) sam> as (6) of Figure 4 butr after 6 min.
|
: (2) 4.29 x 103 V/cm
_ (3) E = 5.83 x 10° V/cm
% (4) same as (3) but zero hias
g (5) same as (4) but with sample leads reverseld
s (6 E = 2.0 x 103 V/cm
: (7) E = 3.45 x 10° V/cm
Figure 4, Comparison of temperature dependence of clectratran. -
mission ind hysteresis Toop measurements of 7/65 735
PLZT up to transition temperature.
Figure 5. Elvctroreflectance spoctrun of thermally depoled

7/65/35 PLZT.
Figure 6. Flectrereflectanc: spectrum of 7/65/35 1121 with

20V a¢ modulation anl 4120V de bhins,

Figure 7. Samce as (b) but with 200V dc bias.
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Figure 8. Energy (inverse wavelenzth) of interference fringe
maxima in ER spectrum measured at zero dc bias after

poling at +120v,
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Electroreflectance oif (pa-ue PZT ..eramics

Introduction
Our aim has been to study aud develop non-destructive, simple

and rapid methods for determining the structural and dynamic properties

of ferroelectric ceramics. Optical modulation techniques, particularly
electric field modulated transmission and reflectivity, were employed

since these methods have been shown to be powerful tools for investiga-

ting the electronic properties of solid;. By modulating an internal

parameter such as electric field it is possible to obtain derivative -

like structures related to interband tramsitions and hence to gain information
concerning the electronic and structural properties of the material.

In a previous reporéawe have presented detailed electrotransmission
(ET) and limited electroreflectance (ER) studies .of lead zirconate/lead
titanate (PZT) ceramics, which permitted uUs to make preliminarv obser-
vations concerning the dynamics of poling and aging. Using certain
characteristic features of the ET spectrum which we found to be sensitive
to the degree of poling, we could follow the growth rate of the polariza-
tion as a function of time during poling and also stuldy polarization
reversal (switching). Most of this early work was carried out on initiallve
transparent, lanthanum-doped (PLZT) samples which had been reduced in a
hydrogen atmosphere in order to make them gemi-conducting, TIn the nrecant
work we show that neither high density (transparencyv) nor conductivity is
necessary for the success of optical modulation techniques: our results
were obtained using insulating PZT samples which required no special
preparation other than the evaporation of semi~transparent metal
electrodes.,

In this report we describe an investigation of the ER spectrum
agssociated with the lowest direct optical transition as a function of
applied electric field, both ac ani dc, as well as time and temperature. We
have found that the amplitude and sign of the FR signil is a function

of the state of polarization of the sample and follows a hysteresis

b s St Ao i il o 2
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loop similar to the conventional D-E hysteresis loops found in
dielectric measurements. This represents the first observation by

optical techniques of hysteresis in opaque ceramics ani hence

opens up new avenues of exploration. As a first step in this direction

we have used this technique to follow the growth of the polarization

during poling and its reversal during switching.

In order to confirm the relation between the ER hysteresis
loop ani conventional polarization measurements, pyroelectric
studies were made using infrared light pulses. Preliminary measure-
ments suggest an equivalence between the pyroelectric coefficient
(which is linearly proportional to remanant polarization) and the
amplitude and sign of the ER signal.

An effort was made to observe the switching pulses produced
by polarization reversal but the long switching times resulted in

currents too small to measure accurately.
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2. Experimental Approach

In this investigation we have used the technique of Schettky
barrier ER (SBER) to investigate the properties of P(L)ZT ceramic
materials. The experimental technique of SBER has been described
in the literature}—3

In electric field modulation the application of a periodically
varying electric field changes the optical dielectric response of
the solid, and a periodic variation in absorption or reflectivity can
be observed. Electric field modulation is fundamentally different
from other modulation techniques in that the perturbation term for the
electric field is not lattice periodic: it represents a net force that
accelerates the electron and therefore completely destroys the translational
symmetry of the crystal in the field direction. Electric field modulation
(either reflection or transmission) produces sharp structure in the region
of inter-band transitions. The sharpness of this structure and its
dependence on the electric field (both ac and dc) can vield valuable
information concerning the materiall-3. In general electric field
modulation has been studied most extensively on the diamond, zincblende
and wurtzite (DZW) semiconductors although some work has been done on
oxide semiconductors.

The techrique was originally developed tn {mvestigate optical
structure associated with interband electronic transitions at
critical points {n the Brillouin zone. More recently the method has
also been utilized to study surface field (i.e. band bending effects)
as well as surface statesl'a. The optical structure of ferroelectric
oxides is substantially different from those of the DZW semiconductors.

For example, structure {n the reflectance of a ferroelectric shifts markedly

e Sah S AT R T L AR o e A AR PO TR e A e
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when the material is cooled through its Curie temperature. This
indicates that the spontaneous polarization causes band structure
effects resulting in the change of the reflectance spectrum.
Similar reflectance changes are to be expected when an external
field modulates the alignment of the dipoles. Large effects have
indeed been observed in the ER of perovskite ferroelectrics such

as BaTi0,, KaTa0 Reflectance changes of up

3 3’ 3

to 45% are distributed over the spectral scale in broad, continuous

KNbOB,and SrTi0

bands of either sign. Magnitude and lineshape suggest a mechanism
other than the Franz-Keldysh effect (electric-field modulation of
critical points). This suggests that ER of ferroelectrics is

probably not a critical point phenomenon. The relative displacement

of the oxygen and metal sublattices responsible for the ferroelectric
properties are probably the main cause for the ER optical effect as
well, The displacement changes the overlap integrals between pairs
which affects the band structurel. Our work represents a departure
from previous studies in that we have utilized ER to investigate the
internal fields produced in ferroelectrics by the spontaneous polariza-

tion ani by space charge effects.

e, dandmy
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In our experiwments a metal (Au) film {s evaporated onto the
front surface of the sample in order to apply the electric field
which modulatea the oprical dielectric constants of the material
ai well as allowing a de voltape to be {mposed. We have studied
samples in which the back contact was (a) also a Au contact or
(b) a coniﬁcting contact wmade with Viking metal (=~ liquit allov of Hg,
T4, apd In marufacture? by Elmat Corp., Mountairview, ralic).

In the present experiments, the ER measuremsnts were carried
out with a system including a Xenon lamp, monochromator, focusing
and collecting lenses, photomulriplier and the appropriate detection
A block diagram of this equipment is shown in Figure 1.

1 electronics.,

The light from Xenon arc lamp i{s passed through the Heath minochromator
(Model EU-700-56), ani fotused on the sample surface .

' The ac mojulating voltage (530 Hz) is applied by means of an

é\ audio oscillator which alsu provides the reference signal for the

Ly lock-in amplifier. A dc voltage can be superimposed onto the ac

voltage by m2ans of the dc control. The reflected light is collected

- by a lens and focused onto a Hamamatsu $-20 response photomultiplier.

o

The light detected by the photomultiplier contains two signals: a

R ani an ac

TR e

dc signil proportional to the average reflectivity

signal which is proportional to the mydulated reflectivity AR,

TR s e

The dc output from the photomultiplier {s connected to a servo power suppl

which varies the high voltage on the photomultiplicr so as to keep

the dc output constant. Unicr these conditions the output from the

lock=in amplifier, which govs ta a strip=chart ruecorder
synchronized with the spectromater scans, is proportionil to AR'R. B
Hot pressed 1% Nb203 doped P2T ceramics were obtained from '

B. Jaffe, Vernitron Piezoelectric Div., Cleveland, Ohta. A1l of thix .
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work was done without reduction. After samples were lapped ani
optically polished, a transparent Au film of 70 ~ 100 A thickness
was evaporated on one or both surfaces of the ceramic plates.
Therefore a metal-insulator-mstal (MIM) geometry was used, and the
electric field vector E of the light was perpendicular to the
polarization of the ceramic. The completed

samples had a resistance over 20M7i, and were 10«10 mm2 in dimension

with thickn2ss about 0.1 ~ 0.3 mm.

4. Experimental Results

We have measured ER spectra of 1% Nb-doped lead zirconate/

lead titanate ceramics of the compositions

Nb 0 (56/44)

Pb g3q(2r .02493°

.938 %% 56TL 447 976

@r (52/48)

P 55g 2T 59T 1 8) 976™ 02403

and

Pb 933 2r 49571 505) . 976™.02405  (49:5/50.5).

These materials lie relatively close to the morphotropic (rhombohedral-
tetragonal) phase boundary. For example, 56/44 - 1 wt% Nb205 ani

49.5/50.5 - 1% Nb2~j samples lie in the rhombohedral and tetragonal phases
respectively, and 52/48 - 1% Nb,0, lies very close to the phase¢ bouni-

ary at room temperatures. Shown {n Fig. 2 is the ER spectrum of 52/48 P77 ceramic

at room temperature in the vicinity of the fundamental gap (305 nm). fpor t'is

sample both front and hack electrodes were Au, the Sromt electrode be'ry

semitransparent (~—70-100°A). In studving the effects of poling on the FR ;i
spectra we have concentrated on the sign and magnitude of the large feature f%
te
near 305 nm. 1In the following discussion a dc poling voltage will bhe termed i@
i
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/
f positive if the front surface of the sample, at which the ER is measured,
? is positive with respect to the back surface.
? : We have observed dramatic changes of the magnitude and sign of
a the ER signal as a function of applied ic voltage. Shown in Fig. 3
5~; are some experimental results for 52/48 PZT with different applied
% ; dc fields ani an ac mdydulating field (530 Hz) of 3ky/cm. The
\

' fields mantionad in this report were determined by dividing the

h applied voltage (either ac or de) by the thickness of the sample.

Thus the assumption was made that the applied field is uniform acruss the

sample ~2ri not confined to a surface (space charge) regior as in the semi-

conducting samples studied previously. The ER signal of a

! virgin sample was first measured with no applied dc field

(point A in Fig. 3). The sample was then partially poled bv

applying a field of 4 4.0 kV/cm, and after approximately 13 minutes
) the ER signal was measured (point B in Fig. 3). The ER signal
increased somewhat in magnitude but its sign remained unchanged.
The material was then switched incremezntally from + 4.0 kv/cm '
to - 7.5 kV/cm, the ER spectrum being measured at each step indicate:? »- the a
open circles (path 2). At - 7.5 kV/em (point C) the sign of the FR signpa?

3 had reversed. The dc field was now changed incrementallv from - 7.5 kV/em

to + 8.0 kv/cm (path 3), the ER signal changing in magnitude and sign as
inticated. The sample was then cveled around a complete hvsteresis loop

(paths 4 and 5) and the saturation fields were found to be + B.0 kV/cm and

- B.0 kV/em. Figure 3 cleariv shows that the ER signal follows the remancit
. polarization of the ceramic and can be used to measure that polarization
without reversing it as is necessarv in conventiupal hvsteresis measurements.

Although the ac modulating field does have some impact on the measurements

it will be shown in the next section that this effect can he taken int.

account.
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Although the ER hysteresis loop of a freshly poled sample s
quite symmetric (see Fig. 3), we have obgerved that a very sub-
stantial agsymmetry develops with time. A similar effect has been
observed in transparent PLZT ceramics and attributed to space chargc
effects.6 Although a detailed study of this behavior is still in
progress, the phenomenon itself is clearly evident in the data
obtained in two studies of hysteresis and switching reported below,

In order to examine the time dependence of polarization reversal
during switching, we have measured the ER signal of a sample of
52/48 PZT as a function of time after the application of a dc field
of the appropriate polarity to cause switching. The sample used
had been poled several days previously by the application of field
whose polarity was positive according to the sign convention
described above. At the start of each switching measurement the
sample was again poled for 30 min. at a field of 48 kV/cm. First,
in order to observe switching toward the original poling direction,
the sample polarization was reversed by the application of a field
of =8 kV/cm for 30 min. A switching field of +8 kV/cm was then
applied and the ER signal measured as a function of time. The
results are shown as curve (4) in Fig. 4. Switching awav from the
original poling direction was then studied bv the application of a
field of -8 kV/cm to a sample which had been poled as {ndicated above.
The time dependence of the ER signal is given by curve (B) in Fig. 4.
It {s clear from these results that when switching is toward the

original poling direction (A) it proceeds much more rapidly than

when the polarization is being switched away from the original poling

.‘
vl
R

direction (B). This is consistent with the findings 6 on YL2T, and

~

& ,‘.‘?rf“ﬁ-\ 1N -_'~
’v&&m.tvu-:

we have begun a series of experiments aimed at determining how this
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asymmetry develops as a function of time after poling.
Despite the appearance of the curves in Fig. &4, the polariza-

tion reversal during switching does not proceed exponentially. This

can be seen clearly in Fig. 5 where the polarization reversal for

several applied fields has been plotted {in the form log (AR/R) vs.

time., The lack of any linear region in these curves rules out an

exponential time dependence. The three sets of data shown in Fig. 5

were taken on freshly poled samples and correspond to: (1) instantanvous

reversal of the applied field from 48 kV/cm to -8 kV/cm, as in curve

(B) of Fig. 4; (2) gradual reduction of the field from 48 kV/cm to

zero over several minutes followed by the {nstantanzous application

of =3 kV/cmj and (3) gradual reduction of the field as in (2) follawed

by the application of =4 kV/cm. Not surprisingly, the results of

measuremants (1) and (2) are wvirtually identical. It is interesting

to note how dramatically the switching tim> incrcases as the field

strength is reduced: at -8 kV/cm the switching timz (107 to 937

reversal) is about 10s, while at -4 kV/cm it is greater than 200s.

This suggests that the "linear resistance” region, in which the

switching current (inversely proportional to the switching time)

varies linecarly with the field 7, has not been reached, at least at

the smaller field. An exponential dependence of switching tim» on
field is to be expected at low fiv!ds7, ani measurements are in progress
to determine whether this iz the case.

Asearch of the literature has failed to reveal anv theoreticnl
descr .ption of the switching process capable of predicting polarization
as a function time for comparison with experimental data of tvpe shown

in Figs. 4 and 5. However, since it is customary in studies of the

aging of ceramics to plot changes in dielectric or piczoclectric
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properties as funcviouws of the logavithm of the time since poling

(a linear dependence on log t is found in most cases), we made
similar plots of our switching data. Figure 6 shows the data of

Fig. 5 re-plotted in the form AR/R vs. log t. fThe linear dependence
on log t of measurement (3), obtained with a switching field of

«4 kv/cm, is quite striking. Several measurements using switching

voltages of magnitude less than 4 kV/cm indicate that as the

switching voltage is reduced the linear dependence of &R/R on lug t

is preserved while the slope of curve becomes verv small. This

suggests that as the switching field approaches zero the processes

of switching and aging become experimentally indistinguishablie. It

is obviously important from a theoretical point of view to determinc
whether the switching rate, when extrapolated to zero applied field,
agrees with the aging rate of the remanent polarization (or piezo-
electric coupling factor) as determined by other methods.

A secand and more detailed studv of the ER hysteresis was

undertaken in order to understand as fully as possible the dependence

of the ER signal on both ac and dc¢ applied fields. Samples of 56/44

PZT, which lies in the rhombohedral phase, were used for this work
after it was verified that this material exhibits ER hvstervsis loops

similar to those seen in the tetragonal phase. Figures 7-11 show the

-
hysteresis loops obtained on a sample of thickness 1,016 x 10~ cm

using various ac modulation fields at a frequency of 530 Hr, Ax the

amplitude of the ac modulation is increased, three major changes can

be seen in the ER hyvsteresis loops: (1) the amplitude of the ER signal

at saturation polarization increases so that the Toop expands verticallyg
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(2) the apparent coercive field decveuses 8o that the loop shyinks
hovimontally; and (3) the loop hecomes more asymmetrie, with the
coercive field covreaponding to the original poling divection
(positive) decreasing more rvapidly than the coeveive field for
switching in the opposite divection,

The fivat of these effects can be analvaed with the aid of
Fig. 12, which shows the maximum (satuvated) value of 4R/R as a function
of the ac modulation amplitude. The linear dependence seen in this
figure can be understood in the following way. Derivativew1like
modulation methods other than ER (e.g. piezoreflectance, thermo-
reflectance, or wavelength modulation) ave linear in the applied
modulating parameter., In contrast, ER i{s gencrallv not l{near bhut
higher order in the electric field since electric field produces
an additional effect, the acceleration aof the ' it-on (or hole)
which amplifies the gsignal bv the reciprocal of the reduced mass
in the field direction. This produces a signal which i{s generallvy
like a higher-order derivative. However, in the oxides the effective
mass is generally very large (& 1) and hence this latter effect is
suppressed . Therefore, in the oxides one would expect the ER signal
to be like a first-derivative. 1In fact, Yacobv and Naveh = have
measured thermoreflectance and ele-troreflectance spoctra in SrTiO3 aml
have shown that these spectra are similar to each other and are aleos
similar to the wavelength derivative of the optical constants.

The apparent decrease in coercive field when the ER hustervsis
loop is measured with progressively larger ac modulatfon is most

probably duc to the depolarizing effect of the ac field itself. This

hypothesis is supported by the data shown in Fig. 13, where the average
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enercive fleld (i,e. one=half the width of the hyateveais loap) haa
been plotted ag a4 funetion of the ac modulation amplitude. Onee the
effects of asymmetry have been vemoved by thia avervaging, the velatien-
ship betwoen coevcive fleld and madulation amplitude is cledvly lineav,
with no hystereain obaervable for modulations exeeeding 10 kv/em and an
extrapalated eoercive field of 8 kV/em at mevo modulatien,

The growing asvmmetyy of the hyatevesis loops shown {(n Figs. 7-11
iz probably not due to the increasing ac modulation but rather to the
parsage of time and the vesulting developmant of a space-charge field
as described abave. The mzasuvements were pexformed over a period of
twa weeks and in order of {nereasing ac modulation., Measuremeunts,
now in progress, of the asvmmetvy as a function of time atter poling
will determine whother the observed asymmetryv can be accounted far
in this wav,

In ovder to confirm that the ER regults are compatible with other
measurements of the dielectric hysteresis, we have studied the pyro-
electric coefficient of a 52/48 PZT ceramic sample as a furction of
applied dc ficld, When a poled sample in the form of a parallel-
plate capacitor is subjected to a temperature change ani a low-
impedance path is provided between the two electrodes, a cutrent |

will flow in the external circuit given by

t=a 3 4T at

where A is the electrode area, t {s the time and T {s the temperature.

The pyroelectric covfficient p {s defined as

p = - dr/dr.
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In ovder to avoid apurtious eurvents produced by the irreversible
release of chavge injected during poling or by the decay of apace
charge built up during aging, a dvnamiec measuremant technlque was
uged {n whieh the aample was exposed to chopped infraved radiatinn.“
Since the gample was alternately heated and cooled, ani only the
current which changed sign at the chopping frequency was measured,
the true veversible pyroelectric current was obtained. Details of
the mathol employed can be found {n the ltCOrature.lz

Samples of 52/48 PAT ceramic of avea 4 x & mvz were polishedl
to a thickneas of 4 x 10'3 cm, ani a transpavent gold flim about
70 X thick was evaporated on one surface and a thicker film
(about 1000 A) deposited on the other. Teflon-coated silver
wires (about 40 Ga) were attached to the electrodes using silver
paste, Figure 14 shows preliminary measurements of the pvro-
¢lectric current as a function of the dc electric field applied to
the sample. Further me2asurem:nts will be necessarv before a
detailed comparison of pyroelectric and ER hyvsteresis loops will be
possible, but it is interesting to note at this stage that the
coercive field of the pyroelectric loop agrees well with the extra-
polation of the ER results to zero modulation field. We should point
out, however, that the pvroelectric leap does not appear to be saturated
at fields of # 8 kV/cm, and limitations of our present apparatus prevent
us from applying larger de fields. A simple modificat{ion of the detection
electronics, to be completed shortly, will eliminate this difficulty.

An attempt was made to measure directly the current pulse produced
by the polarization revcrsu1,7 but the long switching time in these

ceramics makes it impossible to obtain a well-defined switching pulse




ARRAR M MRS i id e e a o han a iy TERT e s e T vt

' of suffictent amplitude to measurv accurately., It would seem that

{n this asttuation the ER and pyroelectrie methods, which m2asure
i the aample polavization directly, have a significant advantage over

techniques such as awitching curvent measurem:nts which respond only

to the tim? rate of change of polavization.

b ) 5. Conclusions
We have measured electroreflectance (ER) in the vicinity of the

fundamental gap (wavelength approximately 310 nm) of PeT ceramics
having compositions near the movphotropic phase boundfavv. Our res
¢ gults consti‘ute the first observation of hysteresis in these

! materials by optical means., Studies aim2d at establishing the
validity of the technique have shown that the ER signal follows the
sample polarization and that a reliable value of the verv-tow-
B frequency coercive field can be obtained from ER medasuremznts,

Efforts were begun to exploit the new technique in obtaining {nforma-

tion on the hysteresis and switching behavior of these ceramics, anl

First, the ER

I
s
¢
{
3

three major findings can be reported at this time,

hysteresis loops of poled PZT ceramics becom» increasinglvy asvametric
with time after poling, probably as a result of space charge effects

similar to those reported in PLZT coramics.6 The time dependence of

%‘ . this phenomenon is now under gtudy. Seconld, the switching (polarizas
i

§A tion reversal) of these ceramfcs becomes similarly asvmnetric after

¥

k

' poling and aging. Substantially longer switching times were found
for switching the polarization awav from the original poling direction
than for switching toward that dircction. PFinally, the polarization

change produced by small switching ficlds (one=half or less of the verve

low-frequency coercive ficeld) was found to have a logarithmic tim:-
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dependence similar to that reported for the aging of dielectric

and piezoelectric properties. This observation may prove quite
important in the development of badly needed theoretical models
for switching and aging. Unsuccessful attempts to obsecrve
switching in these ceramics by conventional methods 7 clearly
demonstrate the value of the ER technique, without which thesc

studies could not have been performed.
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Figure captions

;! Fig. 1. Block diagram of experimental arrangement used for electro-
{ reflectance measurements.
B | Fig. 2. Typical electroreflectance spectrum of 52/48 PZT at T = 300K

with 3 kv/cm ac modulation and 8 kV/em dc field.

Fig. 3. Electroreflectance peak intensity in 52/48 PZT (using an ac
modulation of 3 kV/cm at 530 Hz) as a function of the applied
dc field as the sample is taken around the hysteresis loop.

Fig. 4. Polarization reversal as determined by the electroreflectance
signal measured at T = 300 K for 52/48 PZT ceramic samples;

(A) poled by - 8 kV/cm for 30 min. and then instantaneouslvy

switched to 4 8 kV/cm.

(B) sam2 as (A), but from + 8kV/cm to - 8 kV/em.

Fig. 5. Polarization reversal characteristic of 52/48 PZT samples
measured at T = 300 X after poling under various conditions:

(1) same as Fig. 4 - (B).

(2) poled by + 3 kV/cm for 30 min. ani decreased to zoro
field slowly during during for several minutes, an!
then switched to - 8 kV/em.

(3) sam> as (2), but switched to - 4 kV/cm,

Fig. 6. Sam2 as Fig. 5 but plotted as AR vs log t (¢t in scconis),
R

Fig. 7. Hysteresis in electroreflectance of 56/44 4T (rhomhohedral
phase) with 2 kV/cm ac modulation.

Fig. 8. Sam: as (7) but with 4 kV/cem ac modulation,

Fig. 9. Sam¢ as (7) but with 6 kV/cm ac modulation,

Fig. 10. Same as (7) but with 8 kV/cm ac modulation,
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Fig. 11. Same as (7) but with 10 kV/cm ac modulation.
Fig. 12. Dependence of the maximum (saturated) electroreflectance

signal on the amplitude of the ac modulation field (derived

from Figs. 7-11).

; Fig. 13. Dependence of the averaged coercive field (one-half the

g width of the electroreflectance hysteresis loop) on the

% : amplitude of the ac modulation field (derived from Figs. 7-11).
? Fig. 14. Hysteresis in pyroelectric current in 52/48 PZT ceramic.

!
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IV, Sunspary and Conclusion

Blectrotransmigsion and electroreflectuance measurements were

performed on lanthinum-doped lead zirconate/lead titanate (PLZT)
cevamics, The results show that {t is possible, using these techniques,
to follow the growth of the polarization with time during poling ani

\, ‘ ‘ ftn reversal during low-field switching., Oscillations observed in the é‘
electvoreflectance gpectra are interpreted in terms of space charge

i effects, and the analvsis vields an upper bourd for the remanent polari-

: gation which is in good agreement with the result of a dielectric

hvsteresis measurement.

Application of the technique of surface barrier electrore-

: flectance to opeque, insulating PZT ceramics is reported. The
vesults constitute the first observation of hysteresis in these

s materials by optical means and demonstrate the potential value
of this method in studies of the switching and aging of ceramics.
Asymmetric hysteresis and switching behavior is described, which
is apparently related to the growth of space charge fie'ds

during aging. The time dependence of the polarization during

low-field switching is shown to resemble closely that of the

dielectric and piezoelectric properties during aging.
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